We compared 236 geoscience instructors' histories of professional development (PD) participation with classroom observations using the Reformed Teaching Observation Protocol (RTOP) that describe undergraduate classes as Student-Centered (score ≥ 50), Transitional (score 31-49) or Teacher-Centered (score ≤ 30). Instructors who attended PD (n = 111) have higher average RTOP scores (44.5 vs. 34.2) and are more frequently observed teaching Student-Centered classes (33% vs. 13%) than instructors with no PD (p < 0.001). Instructors who attended PD that is topically-aligned with content taught during the classroom observation are likely to have RTOP scores that are higher by 13.5 points (p < 0.0001), and are 5.6 times more likely to teach a Student-Centered class than instructors without topically-aligned PD. Comparable odds of teaching Student-Centered classes (5.8x) occur for instructors who attended two topical PD events but were observed teaching a different topic. Models suggest that instructors with at least 24 h of PD are significantly more likely to teach a Student-Centered class than instructors with fewer hours. Our results highlight the effectiveness of disciplinespecific PD in impacting teaching practices, and the importance of attending more than one such PD event to aid transfer of learning.
Introduction
Given national mandates to improve undergraduate STEM education (National Research Council 1996; National Science Foundation 1996; Olson and Riordan 2012) , research has focused on studying the use of student-centered teaching in the 1. Does participation in discipline-specific PD correlate with the use of studentcentered teaching practices? 2. Is there a correlation between teaching practice and the amount of time that has passed since PD participation? 3. Is student-centered teaching more likely when PD and course content are aligned? 4. Is there a minimum number of PD events (or hours) in which an instructor should participate before student-centered teaching occurs?
To explore these questions, we observed undergraduate geoscience classes using the Reformed Teaching Observation Protocol (RTOP; Sawada et al. 2002) and linked results to compiled histories of PD participation for observed instructors. PD histories were derived from the archive of activities hosted by the Science Education Resource Center (SERC) including On the Cutting Edge (OCE), Building Strong Departments, the National Association of Geoscience Teachers (NAGT), InTeGrate, and Supporting and Advancing Geoscience Education at Two-Year Colleges (SAGE). The PD events considered in this study have common features such as engaging participants in active learning, incorporating participants' prior experiences and knowledge, and including volunteer participants with common disciplinary interests . The PD events differ from each other in terms of length and disciplinary content focus, allowing us to test hypotheses related to these variables. While some PD events focused on specific disciplinary topics (e.g. mineralogy), and others did not (e.g. preparing students to enter the workforce), all events included content and examples from the geosciences. Such discipline-based PD should promote changes to observable teaching practice through the development and transfer of instructors' pedagogical content knowledge (PCK).
In the theoretical framework below, we review empirically identified critical features of PD and connect them to theoretical constructs of PCK, adaptive expertise, transfer, and the importance of time in learning. These connections are important for understanding why, and under what conditions, disciplinary PD may be effective in promoting changes to teaching practice.
Theoretical Framework
The theory of conceptual change describes a process by which learners integrate new conceptions with their existing experiences; if the combination is viable (rational), it can be accommodated by the learner (Posner et al. 1982; Strike and Posner 1992) . Faculty take on the role of learner when participating in PD where the purpose is promoting changes in teaching practice by helping them shift from a teacher-centered approach to a new model of student-centered instruction to support student learning. Viewed through the lens of conceptual change theory, instructors who modify their teaching practice to become more student-centered must be dissatisfied with some aspect of their practices (or the outcomes of those practices), they must understand what student-centered practices are, the use of student-centered practices must seem plausible in their instructional and disciplinary context, and the idea of student-centered teaching must open new ways of thinking that seem productive.
Participation in PD events that help instructors meet the conditions for conceptual change should result in changes to instructors' conceptions of teaching, and therefore result in changes to teaching practices. PD events that are effective in promoting instructional changes have been identified through empirical studies, and the common features of these PD events were described by Desimone (2009) as a core set of PD features that are critical to increasing instructors' knowledge and skills and improving their teaching practice. Given the wide variety of PD programs, and methods of their evaluation, it is difficult to directly correlate specific characteristics of PD with improvements in student learning (e.g. Gersten et al. 2014; Yoon et al. 2007) , and not all PD programs that include only some of these critical features have resulted in measurable changes to teaching practice (e.g. Garet et al. 2011) . While not all researchers agree on a set of best practices for PD, we use Desimone's (2009) ideas to frame our research on the effects of discipline-based PD events on teaching in the geosciences because a) these critical features were described as comprising a conceptual framework for studying the effects of PD, b) the features are described as being independent of the type of activity (e.g. workshop, webinar, journal club), and c) the features can be readily mapped to the characteristics of a variety of discipline-based PD events. If PD contains these critical features, we propose that it is more likely to result in conceptual change, as measured by a difference in teaching practices for those with differing amounts and types of that PD.
Critical Features of Professional Development
Desimone (2009) reviewed empirical research on effective PD to develop a conceptual framework that includes five critical features demonstrated to make PD effective for improving teaching practice. These critical features include: a focus on subject matter content (content focus), opportunities for PD participants to engage in active learning (active learning), opportunities for PD participants to work collectively where discourse is supported by participants' commonalities such as discipline (collective participation), consistency between PD content and instructors' prior knowledge or experience (coherence), and opportunities for participants to engage in PD over a sufficient period of time (duration; Desimone 2009, and references therein). These critical features that promote conceptual change are aligned with models for discipline-based PD that bring together participants interested in similar content and who work together in an active environment to explore new pedagogies.
The critical features of active learning, collective participation, and coherence are met by the PD events included in this study (e.g. Manduca et al. 2017) . However, instructors who participated in these discipline-based PD events experienced different levels of participation in terms of duration (both the number of PD events attended and the length of those events), and the content focus, which varied with respect to its alignment with instructors' disciplinary teaching. We therefore explore the critical features of content focus and duration in greater detail, and connect them to theoretical constructs that help to explain why these features are important.
Content Focus and Pedagogical Content Knowledge
The critical feature of content focus describes PD activities that focus on disciplinary content and how students learn that content and, based on empirical studies, is identified by Desimone (2009) as being the most influential for improving instructors' teaching practice. For example, a regression analysis of survey results from over 1000 mathematics and science teachers identified content focus as a significant feature of PD that increases teachers' knowledge and skills, and that results in changes to teaching practice (Garet et al. 2001) .
The importance of content as a critical feature can be understood in the context of pedagogical content knowledge, or PCK, which combines instructors' knowledge of pedagogical practices with disciplinary knowledge (Shulman 1986 ) to help instructors teach disciplinary content using the most effective means. Magnusson et al. (1999) expanded the conceptualization of PCK to encompass assessment, pedagogy, content, knowledge of students, and curricular knowledge. Amplifiers and filters to this model of PCK were identified by Gess-Newsome (2015) , including teaching beliefs, prior knowledge, and context (e.g. class size, institution type).
Using PCK as a framework for interpreting the success of faculty PD considers faculty as learners about teaching in a particular discipline (e.g. Fraser 2016; Major and Palmer 2006; Mulnix 2016; Sunal et al. 2001) . Faculty participating in disciplinegeneral PD may see or practice with examples of how to implement particular pedagogical practices that are unrelated to the disciplinary content they teach; for example a geoscientist may attend a workshop about using case studies, but examples from a humanities course may not seem plausible to use in a geoscience course. However, faculty participating in discipline-specific PD will see or practice with examples from their discipline that directly relate to the disciplinary content they teach, or that, if not directly related, can be understood in a disciplinary context. Discipline-focused PD offers the opportunity for participants to learn and practice activities that are directly tied to what they teach, or at least similar enough that translation to their own teaching is more direct (e.g. Garet et al. 2001; Henderson et al. 2011) . This means that instructors are applying their newly developed ideas and practices in conditions similar to those in which they are learned. When faculty try to apply newly developed ideas and practices (PCK) in conditions that are similar to those in which they are learned, the barriers to implementing PCK are likely to be perceived as more porous (easy to overcome) rather than dense (more difficult to overcome) (Gess-Newsome 2015) . Therefore, discipline-specific PD may increase the ease of applying new PCK by increasing the porosity of barriers (such as the perceived relevance of a humanities case study activity to a geoscience course) by minimizing the effort needed to implement new PCK, or transferring PD content to one's teaching practice. As learners in the PD environment, instructors wanting to reform their teaching must build their knowledge of new teaching strategies and also organize that knowledge to allow deep and transformative learning that can be transferred to their teaching practice.
Transfer of Learning to New Contexts
Transfer of one's learning about new teaching methods within a subject (e.g. from discipline-based PD) falls under the domain of acquiring expertise, which includes disciplinary content as well as understanding why and how the subject matter is taught to facilitate student learning (National Research Council 2000; Kreber 2002) . Disciplinary content knowledge is generally accepted for faculty teaching in the area of their disciplinary expertise, which means that PD aligned with that expertise can focus on pedagogical areas related to that discipline. In cases where the learning (PD) and application (instruction) are closely aligned, the transfer is best described as near transfer (Cree and Macaulay 2000) . In situations where the PD content and teaching context are less aligned (e.g. a geoscientist learning about the use of case studies in a humanities context), participants must use far transfer to apply their new PCK to a relatively unique situation. PD that brings instructors together with disciplinary commonalities (e.g. collective participation; Desimone 2009) allows instructors to work together to contextualize the pedagogical practices explored, and can result in improved transfer (Gee and Gee 2007; Webster-Wright 2009) .
However, most instructors do not teach only a single course in which they have specific content expertise. For such instructors, it is not sufficient to be an expert in one domain, they must be able to combine different specializations and broaden their expertise to be able to teach in other domains (Van der Heijden 2002), for example from having expertise in mineralogy to teaching volcanology. Transfer is known to be especially difficult when new information is presented in a single context rather than in multiple contexts (Bjork and Richardson-Klavehn 1989) . Learning new information in a context distinct from an instructor's disciplinary context means that the learner is required to use far transfer, which is more difficult than near transfer (Perkins and Salomon 1992) . In the case of discipline-based PD, this suggests that adaptation and application of pedagogical strategies learned in the context of one topic that need to be applied to another topic, may require additional PD to improve transfer.
Transfer can also be considered in terms of adaptive expertise in which instructors (in the role of learners building their PCK) are able to transfer knowledge learned in PD to domains other than the content area of the PD (e.g. Carbonell et al. 2014 ). There is a positive correlation between the extent of one's knowledge base and the ability to adapt that knowledge to other areas (Chen et al. 2005) , known as adaptive performance or adaptive expertise (e.g. Carbonell et al. 2014) . Adaptive expertise can develop from accumulated experiences, including prior knowledge; with additional PD, faculty integrate additional experiences and prior knowledge to address more complex problems (Hatano and Inagaki 1986) . When faculty apply newly gained PCK, they build their adaptive expertise by modifying known procedures that have proven effective, and can respond with flexibility to contextual variations (e.g. Hatano and Oura 2003) . For example, a faculty member who learns to use an activity with high instructional utility and efficacy (e.g. think-pair-share; McConnell et al. 2017 ) may be able to apply that method as an effective activity for a new subject they teach because they are able to apply their PCK and transfer it to a different context. Thus, PCK developed as part of discipline-based PD allows instructors to learn about then implement new pedagogies on the same PD topic. The fact that the PD is discipline-based may reduce the difficulty of transfer by making barriers to implementing teaching reform more porous. With additional PD, instructors build accumulated experiences, further developing their adaptive expertise, which allows them to transfer their PCK to teaching topics that were not the focus of PD activities.
Duration of Professional Development
In addition to content, duration is another critical feature of PD explored by this study. Based on empirical studies of the effectiveness of PD in changing instructors' knowledge, skills and teaching practices, Desimone (2009) concluded that effective PD efforts occur over extended periods of time. For example, Allen et al. (2011) saw improved student learning with participation of secondary teachers in a 20 h PD program that took place over 13 months, and Supovitz and Turner (2000) used K-12 teacher survey results to associate 40+ hours of PD participation with inquiry-based teaching practices. Ho et al. (2001) suggested PD should be dispersed across at least four weeks, while others have suggested more than a semester (Emerson and Mosteller 2000; Gibbs and Coffey 2016) , or more than one year (Postareff et al. 2007) . Many other studies also point to the importance of PD that extends over time or is of "sufficient" or "substantial" duration (Ebert-May et al. 2015; Garet et al. 2001; Pelch and McConnell 2016; Postareff et al. 2007; Wilson 2013) .
In a review of 191 articles about promoting instructional changes in undergraduate STEM courses, Henderson et al. (2011) , conclude that effective strategies for promoting instructional change involve interventions lasting at least one semester. Likewise, studies suggest that an individual's ideas about teaching, and their teaching practice, change over time, rather than as a result of "one-shot" workshops (Loucks-Horsley et al. 2009; Postareff et al. 2007) . In a review of 36 papers on the effects of PD in higher education, Stes et al. (2010) also concluded that PD that takes place over time results in more positive changes in instructor behavior than one-time events. They noted, however, that their sample contained only a small number of studies investigating the impact of one-time events, and that further studies were needed (Stes et al. 2010) .
The importance of time as a variable for learning was conceptualized by Carroll (1963 Carroll ( , 1989 for the school classroom setting, but can be applied to learning in all contexts. Bloom (1974) begins his paper "Time and Learning" with the statement, "All learning, whether done in school or elsewhere, requires time" (p. 682). The idea that learning takes time is implicit in many learning theories, including conceptual change theory. In the context of PD activities, instructors need time to learn about and accept new pedagogical strategies as having value, try them in their courses, reflect on their success, and develop new methods to integrate them into their teaching practice (Henriques 1998; Loucks-Horsley et al. 2009 ). This can occur during, after, or between professional development events.
Duration is only one of the identified critical features of PD, and while empirical studies suggest that long term PD efforts are more strongly associated with positive outcomes, the possibility of effective short duration PD events is not ruled out (e.g. Henderson et al. 2011 ). There may be circumstances, perhaps when all of the other critical features of effective PD are met, including content focus that supports the development of PCK, that makes the duration of an event is less critical.
Connecting the Theoretical Framework and Research Questions
In this study, we combine classroom observations with compilations of instructors' PD histories to test the hypothesis that participation in discipline-specific PD results in the transfer of PD content to classroom instruction as evidenced by use of student-centered teaching practices (RQ 1). We also test the hypothesis that PD experiences that are discipline-specific and aligned with the content being taught are most likely to result in student-centered teaching (RQ 3). These hypotheses are underpinned by the notion that participation in discipline-based PD results in changes to instructors' PCK, which in turn results in changes in teaching practice that can be observed using the RTOP.
The PD events considered in this study have participants engage in active learning, emphasize collective participation through the inclusion of instructors with common disciplinary interests, and support coherence in ways such as gathering information about participants' ideas and practices in advance of the PD event, or by attracting volunteer participants who have common interests or experiences (e.g. Manduca et al. 2017) . Because the features of the examined PD programs are consistent with Desimone's (2009) critical features of active learning, coherence, and collective participation, but vary in terms of their degree of content focus and duration, we are able to test hypotheses related to these variables.
Our study includes PD events that focused on specific disciplinary topics (e.g. OCE's Teaching Geomorphology) as well as events that are not specific to a disciplinary topic (e.g. PD regarding student motivation), but all PD events had content and examples connected to the geosciences. We are therefore able to examine the relationship between participation in PD with varying degrees of content focus and instructors' teaching practice (RQ 1, 3). Likewise, the duration of the PD events varies, as does the number of PD events that each participant attended; therefore, we can examine the relationship between time spent in PD and instructors' teaching practice (RQ 1, 4), as well as the relationship between elapsed time since PD participation and instructors' teaching practice (RQ 2).
Methods
To investigate the impact of geoscience-specific PD on undergraduate teaching, we compared participation in PD events archived by SERC (hereafter referred to as PD) with observed teaching practices for 236 undergraduate geoscience instructors at a variety of institutions across the United States. Specific types of events in which geoscience instructors participated are described in Online Resource 1 along with participation levels of observed instructors. Consent was obtained from all participants, and research protocols were reviewed and approved by the Carleton College Institutional Review Board.
Professional Development Participation
After all classroom observations were completed, we compiled a history of PD events attended by each of the 236 instructors prior to the date of their RTOP observation. The PD events considered for this study are those for which agendas and participants are archived by SERC and published on public web pages. These programs share similar organizational elements established by OCE (Manduca et al. 2010; Manduca et al. 2017) , and align with the PD critical features of content focus, active learning, coherence, and collective participation as described by Desimone (2009) . Compiled PD events occurred from November, 2008 through August, 2015. We recognize that observees could have participated in PD outside of the events we compiled so PD events archived by SERC are used here as a minimum representation of PD participation.
We used published agendas to determine the total number of hours associated with each event, the mode of delivery (face-to-face or virtual), whether participants met over consecutive days or had punctuated meetings, and the amount of time between instructors' RTOP observation and their most recent pre-observation PD event (referred to as "elapsed time"). For all in-person events, the number of hours assigned to the workshop are for synchronous sessions and do not account for asynchronous time spent on activities such as preparatory or homework assignments. For virtual events, the number of hours assigned to the workshop includes all synchronous hours and only includes asynchronous time indicated by event agendas.
Observed Teaching Practice
While teaching practice can be measured by methods including self-report data (e.g. Ebert-May et al. 2015; Walczyk and Ramsey 2003) and direct observations (e.g. Stains et al. 2018; Teasdale et al. 2017) , direct observation of teaching practice is often considered the most unbiased measure (e.g. Desimone 2009 ). Many classroom observation protocols exist (see Teasdale et al. 2017 for a review), but the RTOP is a validated instrument designed to assess the use, and quality of use, of research-based pedagogies that are consistent with the reformed teaching practices promoted by the PD programs archived by SERC. The RTOP measures the degree to which classroom instruction employs different aspects of active learning including interactions among students, interactions between students and the instructor, emphasis on fundamental concepts, and the incorporation of student ideas into class trajectory (Lawson et al. 2002; MacIsaac and Falconer 2002; Sawada et al. 2002) . The RTOP contains 25 items that are scored from 0 to 4, resulting in possible total scores from 0 to 100, with higher scores resulting from more reformed, student-centered teaching practices. Although the RTOP was developed for use in the K-12 setting (MacIsaac and Falconer 2002; Sawada et al. 2002) , the instrument has strong predictive validity for student achievement in university settings, with higher RTOP scores correlating with more student-centered teaching and with higher student achievement (Bowling et al. 2008; Falconer et al. 2001; Lawson et al. 2002) . The RTOP has been used in many contexts including describing teaching practices across a discipline in higher education (Budd et al. 2013; Teasdale et al. 2017) , and describing changes to teaching practice associated with PD programs for higher education faculty and future faculty (Ebert-May et al. 2011 Manduca et al. 2017) . While there are many conceptions of teaching quality that could be considered (e.g. teaching to promote inclusivity), the alignment of the RTOP items with the reformed teaching practices promoted by the PD programs we considered, the high interrater reliability for the instrument, and the numerical scores that are well suited to a large-scale quantitative research project, led us to choose the RTOP to measure the degree of reformed teaching in participating instructors' classes.
A cohort of trained observers used the RTOP to make in-person classroom observations between November, 2008 and May, 2016 . Observers used a modified version of the RTOP rubric (Budd et al. 2013; Teasdale et al. 2017) . Several cohorts of observers were trained using a three-stage process of observing and scoring videos of university science classes and discussing scores with a calibrated training leader. Trainees only advanced from one stage to the next if their scores were within one standard deviation of the accepted score. The final stage of training required observers to score two final calibration videos. Calibration of two videos resulted in a Cronbach's alpha of 0.996, which exceeds the threshold for inter-rater reliability (∝ > 0.7; Multon 2010; as reported in Teasdale et al. 2017) . Other researchers have also found high interrater reliability using the RTOP (Amrein-Beardsley and Popp 2012; Marshall et al. 2011 ). The quality of the observer pool was maintained through an annual calibration process in which all observers were asked to score a video, and only those observers with scores within one standard deviation of the accepted score were able to contribute observations to the project. Additional details of the training and calibration procedures for the observer cohort are described by Teasdale et al. (2017) .
Reproducibility of observations by individual observers (intra-rater reliability) was calculated using 14 repeated analyses of videotaped classrooms by three observers using the method of Bland and Altman (2003) . The Bland-Altman test of intra-rater reliability showed good agreement between repeated observations. The mean difference (bias) was −0.5 points out of 100 over a year or more. All repeated observations fell within the 95% upper and lower limits of agreement with a standard deviation of 3.48 points. This intra-rater reliability is the first reported for the RTOP and represents an additional measure of confidence in the utility of classroom observations using the RTOP.
The sample of instructors used in this study is an expansion of the 204 instructors observed by Teasdale et al. (2017) . Observed instructors represent a convenience sample in that observers contacted instructors to request an observation visit on any of the following bases: instructors were either geographically nearby (easy to travel to), instructors had asked to be observed, or instructors fit a geographic location or institution type that were under-represented in the observed pool. Additional efforts were made to include instructors across a range of demographic factors including institution type, class size, and course level. We did not target instructors with specific records of PD participation; instructors' preobservation PD histories were determined after they were observed. As documented by Manduca et al. (2017) , a large proportion of study participants attended no workshops and did not use website resources associated with SERC, so our convenience sample indicates no self-selection.
Total RTOP score was used to assign each observation to an instructional category according to the classification established by Budd et al. (2013) : Teacher-Centered (RTOP score ≤ 30), Transitional (RTOP score 31-49) or Student-Centered (RTOP score ≥ 50).
Self-Report of Teaching Practice and Professional Development Participation
General teaching practices of observed instructors were evaluated using an instructor survey Teasdale et al. 2017) in which instructors reported information about themselves (e.g. years teaching), their course (e.g. grade level), their pedagogical practice, and resources they used to learn about teaching methods . Results from these surveys, taken at the time of the observation, were compared with results of observations of single class periods for each instructor (Teasdale et al. 2017) , and were used to compare instructors' self-report of PD participation with compiled PD histories.
Topical and Non-Topical PD PD events were identified as having topical themes if the event focused on a content area of instruction such as hydrology or structural geology, and were identified as nontopical if the event focused on broader themes or program-wide abilities such as teaching with large data sets or developing students' metacognitive skills. Thus, an instructor was classified as having non-topical PD (NT-PD) if they attended only workshops that did not focus on specific disciplinary content.
Alignment of PD Content and Observed Course Content
We established the relationship between the disciplinary content of an observed course and the disciplinary content of each instructor's PD by comparing the topics taught during observations with the PD each instructor attended. Instructors were classified as having topical and aligned PD (TA-PD) if they attended PD about teaching specific disciplinary content and were observed teaching a course about that content (Fig. 1) . For example, an instructor who attended the Teaching Mineralogy workshop and was observed teaching a mineralogy course was considered to have had TA-PD. If an instructor attended a topical workshop but was observed teaching a different topic, they were classified as having topical but not aligned PD (TNA-PD; e.g. an instructor who attended a Teaching Hydrology workshop but was observed teaching a paleontology course).
Attending a Course Design workshop was considered topical PD because attendees work on developing a specific course of their choosing, and there is a record of course names or descriptions for each participant. An instructor who was observed teaching the same course that they developed during a Course Design workshop was classified as having TA-PD. Instructors who were observed teaching a different course than the one they developed during a Course Design workshop were classified as having TNA-PD. In a few cases we could not determine what course an instructor developed during a Course Design workshop and they were classified as having TNA-PD.
Assignments of topical alignment were made by a single investigator and reviewed by two additional researchers. In many cases, there was not an exact match between Fig. 1 Alignment of PD content and disciplinary content of observed course course and workshop names, but the equivalency in disciplinary content was determined based on the collective experience and disciplinary expertise of the researchers. In cases where there was uncertainty about alignment, we erred on the side of assuming non-alignment.
Instructors classified as having TA-PD may also have attended TNA-PD and/or NT-PD. Likewise, instructors classified as having TNA-PD may also have attended NT-PD.
Statistical Analyses
All statistical analyses were conducted using SPSS version 22. Two-sample t-tests were used to compare RTOP scores for instructors with no record of PD participation and those who attended one or more PD events (comparison of "No PD" and "1+ PD" groups). Relationships between RTOP score and PD events, PD hours, and elapsed time between PD participation and classroom observation were assessed using Spearman correlations for nonparametric data.
To assess whether PD events or PD hours were a stronger predictor of StudentCentered classrooms when adjusting for the type of PD, we ran three binary logistic regression models. In all models the dependent variables were RTOP scores of 50+ (Student-Centered) vs. 0-49 (not Student-Centered) and the predictor variables were doses of PD in each of the three PD types (TA-, TNA-, NT-PD). Neither events nor hours were tested as continuous variables due to their non-normal distributions. For the first model, events were categorized into 0, 1, 2+ PD events based on the variable distributions. There were only n = 2 participants with 2 TA-PD events, so TA-PD event category was dichotomized to no TA-PD vs. any TA-PD. The second model tested hours categorized using 20 h as a cut point based on Allen et al. (2011) and Desimone (2009) . To get a model to fit with the hours predictors, we had to combine no NT-PD hours with 1-19 NT-PD hours. Combining the 0 h and 1-19 h categories was a result of not having any participants with 1-19 h of NT-PD events in the Student-Centered category. The final model used a combination of events and hours by segmenting the one event categories into one event with 1-19 h and one event with 20+ hours.
An optimal cut-point for the number of PD hours needed to increase the likelihood of instructors using Student-Centered teaching was determined using the minimum p value approach with Bonferroni correction (Mazumdar and Glassman 2000; Williams et al. 2006) . In this approach we performed chi-square tests of Student-Centered (vs. not) and multiple possible cut-points of hours and looked for the lowest p value. For example, we performed a chi-square test of Student-Centered (vs. not) by 0 to 11 h (vs. 12 or more); and then tested Student-Centered (vs. not) by 0 to 15 h (vs. 16 or more); etc. We limited the selection area for the multiple tests by excluding the top and bottom 10% range of hours and binned hours into four-hour increments. The result was a selection area from 12 to 144 h in four-hour increments, or 34 tests. Using the Bonferonni correction, we set alpha at 0.05/34 = 0.0015.
Another binary logistic regression model was used to predict Student-Centered classrooms among those who had either Student-Centered (RTOP score 50+) or Teacher-Centered (RTOP score 0-30) classrooms. This model used a subset of the study population, excluding those in the Transitional category (RTOP score 31-49), with events and type of PD as predictors.
Limitations
Although efforts were made to observe instructors with varying demographic characteristics, the sample includes a small percentage of all United States geoscience instructors, and a small percentage of PD participants. Manduca et al. (2017) estimate that there are approximately 10,000 geoscience faculty teaching undergraduate courses. Likewise, from 2002 to 2012, more than 2800 individuals participated in OCE events alone ). Many more participated in subsequent OCE and other PD events compiled here.
Workshops offered through programs archived by SERC are not the only source of PD. Participants in this study may have benefitted from PD at their home institution, through professional organizations, online resources, publications, personal mentoring, or other means. The quantity of PD workshops we report should be considered a minimum, or under-representation, of the PD each instructor experienced.
Observations of each instructor were made in a single "lecture" class period and did not include observation of any laboratory, field, or recitation sections. No online courses were observed. Both Ebert-May et al. (2015) and Teasdale et al. (2017) report good agreement between RTOP observations and self-report of instructors' general teaching practices providing confidence that results of single RTOP observations are accurate measures of teaching practice. In addition, we attempted to mitigate the limitation of a single observation by communicating with observed instructors in advance of observations to ensure that they would describe the observed class as "typical" of their teaching practice.
Our assignment of the number of hours associated with each PD event assumes full participation of attendees for both in-person and virtual workshops. We cannot determine whether specific individuals were present for entire events, or the degree to which participants were mentally engaged in programs. Our assignment of hours does not consider time spent on preparatory assignments, or discussions and work that happened during unscheduled time.
Results

Demographics
Instructor survey data indicate that observed instructors (n = 236) are 41% female and 59% male, with 34% reporting a rank of full professor, 22% associate professor, 21% lecturer or instructor, 14% assistant professor, 8% adjunct professor, and 1% other. Observations occurred at institutions categorized as research/ doctoral (47%), masters granting (28%), bachelors granting (6%), and associates granting (18%), based on the Carnegie Classification System for Institutions of Higher Education (Carnegie Classification 2015). Observed classes were introductory geoscience (59%) and upper-level geoscience courses (39%) that were categorized as small (≤30 students, 51%), medium (31-79 students, 30%), or large (≥80 students, 19%).
PD Histories
PD histories include 53% of instructors (n = 125) with no PD record before the date they were observed, and 47% of instructors (n = 111) with at least one PD event before they were observed. Of the instructors with PD, participation included one event (41%; n = 45), two events (18%; n = 20), three events (11%: n = 12), four events (8%; n = 9) or at least five events (22%; n = 25). Virtual PD events were attended by 27 observees, but only three instructors participated in only virtual events (1 event each). Individual PD events range in duration from 1 to 43 h, and individuals who participated in PD events have between 1 and 503 h of PD (1 to 22 events).
RTOP Scores
Total RTOP scores for observed classes range from 13 to 89 with an average score of 39.0. Observed classes include 74 in the Teacher-Centered instructional category (31% of observations), 109 in the Transitional instructional category (46%), and 53 in the Student-Centered instructional category (22%; Fig. 2 ). As was established by Teasdale et al. (2017) , RTOP scores do not vary systematically with demographic variables such as class size, institution type, or course level.
Survey Responses
Survey results were used to investigate self-reported use of workshops for teachingrelated PD. Participants responded to the question, "How do you learn about new teaching methods?" by choosing all that apply from these options: professional meetings or workshops; publications; discussion with faculty members in my department; discussions with colleagues at other institutions; online resources; my own research. Professional meetings or workshops (meetings/workshops) was selected by 64% of participants, and was the third most frequently selected option behind "discussions with faculty members in my department" (77%) and "discussions with colleagues at other institutions" (66%). We compared self-reported importance of PD participation to compiled PD histories. Survey responses and compiled PD history match for 67% of study participants; 39% of participants report learning about new teaching methods at meetings/workshops and have a record of attending PD, and 28% of participants do not report learning about new teaching methods at meetings/workshops and have no record of attending PD.
Survey responses and compiled PD history do not match for 33% of study participants; 25% of participants report learning about new teaching methods at meetings/workshops but have no record of attending PD, and 8% of participants do not report learning about new teaching methods at meetings/workshops but have a record of attending PD.
Participation in Discipline-Specific PD and Teaching Practice (RQ1)
Average RTOP scores are higher for instructors who attended at least one PD event (p < 0.0001). Instructors with no PD events (n = 125) have an average RTOP score of 34.2 (42% Teacher-Centered, 46% Transitional, 13% Student-Centered). Instructors who participated in at least one PD event (n = 111) have an average RTOP score of 44.5 (20% Teacher-Centered, 47% Transitional, 33% Student-Centered; Fig. 3 ).
Positive correlations between RTOP score and PD participation are observed for both virtual (online) and face-to-face (in person) modes of PD delivery. This relationship (Spearman's ρ = 0.3192; p < 0.05) was found to exceed Cohen's (1988) convention for a medium effect size (d = 0.50), and represents a statistically significant relationship. When face-to-face and virtual workshops are separated, the statistical (p value) and practical (effect size) significances both remain valid for each sub-group. With only three faculty who completed only virtual events, the sample is too small to attempt additional statistical analyses, so participation in any event type, whether faceto-face, hybrid, or virtual, are grouped together for the remainder of our analyses.
RTOP scores are generally higher for instructors who attended a larger number of PD events (Spearman's ρ = 0.3428, p < 0.05; d = 0.70). A comparison of RTOP scores for instructors who attended only a single PD event (n = 45) to the total number of hours spent at that event shows a weak but positive correlation between RTOP score and event length (R 2 = 0.1134, p < 0.01; f 2 = 0.128). Correlations between RTOP score Fig. 3 Comparison of instructional category for instructors with no PD history and instructors who attended at least one PD event
Classroom Observations Indicate the Positive Impacts of... and quantity of PD (number of PD events or hours) were statistically significant, but have small effect sizes and correlation coefficients.
Elapsed Time (RQ2)
There is a slight negative correlation between an instructor's RTOP score and the number of days since participation in their most recent pre-observation PD event, with wide scatter. The relationship (Spearman's ρ = −0.162) represents a statistically insignificant relationship (p > 0.05).
Disciplinary Content of PD and Teaching Practice (RQ3)
Alignment of PD and Course Content
To examine the influence of specific PD content on instructors' teaching practices we compared RTOP scores for instructors in three groups: those who attended PD with the same topical content that was taught during their observation (TA-PD); those who attended PD on a topic different from that taught during their observation (TNA-PD); and those who attended PD that was not focused on disciplinary content (NT-PD; Fig. 1 ). RTOP scores of the 111 instructors who attended PD are described in Table 1 and Fig. 4 .
The average RTOP score is highest for instructors with TA-PD, the majority of whom are in the Student-Centered instructional category (62%). Percentages of instructors in the Student-Centered instructional category who had TNA-PD (34.2%) and NT-PD (13.6%) are lower. The percentage of instructors in the Teacher-Centered instructional category is lowest for those who had TA-PD (10.3%) and highest for instructors who had NT-PD (25.5%). In contrast, 42% of instructors who did not participate in PD are in the Teacher-Centered instructional category.
Six of the 29 instructors who attended TA-PD attended only one workshop; five were observed teaching a Student-Centered class and one was observed teaching a Transitional class. Of the instructors who attended TA-PD plus additional PD (n = 23), 57% were observed teaching Student-Centered classes, 30% were observed teaching Transitional classes, and 13% were observed teaching Teacher-Centered classes. A multiple linear regression predicted RTOP score based on number of PD events attended and the alignment of those events, resulting in a significant regression eq. (F(2,233) = 22.4322, p < 0.0001), with an R 2 of 0.161. Participants' predicted RTOP score is equal to 35.80 + 1.34 (number of PD events) + 13.51 (aligned PD), where number of events is coded as a simple count, and alignment is coded as a binary statement of whether or not the individual participated in aligned PD. The number of events and alignment were both significant predictors of RTOP score.
Logistical Regression Models for Student-Centered Teaching
Results of three logistic regression models indicate that the number of PD events attended is a stronger predictor of a Student-Centered classroom (Nagelkerke adjusted R 2 = 0.241) than hours (adjusted R 2 = 0.198) or than events and hours combined (adjusted R 2 = 0.234). Based on the superior predictive strength, outputs of the events model are presented and discussed below; however, all three are included in Online Resource 2.
A binary logistic regression using all 236 observations was used to predict inclusion in the Student-Centered instructional category (RTOP score 50+ vs. 0-49) using the number and alignment of PD events an instructor attended. Alignment of PD was categorized by TA-PD events (yes/no), TNA-PD events (0, 1, 2+), and NT-PD events (0, 1, 2+). After controlling for other types of PD, the odds of instructors with one or more TA-PD events (n = 29) teaching a Student-Centered class are 5.6 times higher (p < 0.001) than instructors without any TA-PD (n = 207). The odds of instructors who participated in two or more TNA-PD events (n = 18) teaching a Student-Centered class are 5.8 times higher than instructors without any TNA-PD (n = 181). The odds of instructors with one TNA-PD event (n = 37) teaching a Student-Centered class are not significantly higher than instructors without any TNA-PD events (n = 181). The odds of instructors with one NT-PD event (n = 31) or two or more NT-PD events (n = 52) teaching a Student-Centered class are not significantly higher than instructors with no PD events (n = 153). 
Unaligned PD and Instructional Categories
Instructors with TNA-PD or NT-PD are most frequently observed teaching Transitional classes (44.7%, 61.4% respectively; Table 1), and are observed teaching TeacherCentered classes less frequently than instructors with no PD (25.0% vs. 41.6%). Faculty with no PD are most frequently observed teaching Transitional classes (45.6%), and slightly less frequently observed teaching Teacher-Centered classes (41.6%). If instructors attended any PD, the percentage of Teacher-Centered instruction decreases (from 41.6% to 25.0%) and the percentage of Transitional instruction increases (from 45.6% to 61.4%). Because of the low number of instructors with only TNA-PD (n = 16), it was not possible to determine the odds of Transitional teaching based on NT-PD, TNA-PD or TA-PD participation. However, these results, along with the multiple linear regression showing small increases to RTOP score with each additional PD event, suggest that instructors with any PD are more likely to have a Transitional classroom than a Teacher-Centered classroom.
Amount of PD Needed to Make a Difference (RQ4)
The optimal minimal number of PD hours needed to substantially affect the likelihood of teaching a Student-Centered class was a tie between 24 and 28. These two cut points had the lowest p value in the minimum p value approach. Therefore, we use the lower of the two (24 h) as a minimum number of hours needed to meaningfully impact the likelihood of teaching a Student-Centered class. Among instructors with 0 to 23 h of PD, 12.6% (19 of 151) were observed teaching Student-Centered classes; compared to 40.0% (34 of 85) of instructors with 24 or more hours of PD. Of the 236 instructors observed, 85 had had at least 24 h of PD; 23 of those (27.1%) accumulated those hours through one workshop, and an additional 16 (18.8%) through two workshops. Instructors with a high number of PD hours also attended a high number of PD events (R 2 = 0.82; d = 4.27), which prevents us from distinguishing the impact of the number rather than the duration of events.
Discussion
Discipline-Specific PD and Teaching Practice
Attending any of the PD events examined in this study increases the likelihood that an instructor will teach in a student-centered manner, as measured by RTOP score (RQ1). While our logistical regression models focused on predicting inclusion in the StudentCentered instructional category, teaching a Transitional class is also a desirable outcome of PD, especially for instructors whose original teaching practices may have been Teacher-Centered. The percentage of instructors observed teaching Teacher-Centered classes decreases with participation in any discipline-based PD, which is considered a measure of PD success. These results are consistent with the importance of disciplinary context and examples in developing PCK and decreasing the density of barriers to teaching reform (Gess-Newsome 2015), thereby increasing the likelihood that practices learned in PD will be transferred to one's classroom.
The target audience for all PD events considered in this study were broadly-defined geoscientists and our results highlight the positive impact of workshops that target instructors who teach similar content, consistent with the critical features of collective participation and content (Desimone 2009 ). Our results contrast with those of Stes et al. (2010) , who, in a review of 36 studies on the effect of PD in higher education, investigated whether PD initiatives that target specific groups, such as those in a particular discipline, have more impact than initiatives without a target group, and found comparable outcomes for discipline-based and discipline-general studies. However, our results from direct observations of classrooms are in agreement with those of other authors who attribute positive impacts of PD to disciplinary content and the common disciplinary interest of PD participants. For example, observations, interviews and surveys by Marbach-Ad et al. (2015) , indicate that successful implementation of PD is linked to disciplinary content and PCK, and is provided in the context of professional communities within academic departments. In another example from higher education, Ebert-May et al. (2015) attribute the success of a PD program for future biology faculty, at least partially, to the participants' common trait of being inexperienced teachers. The effectiveness of PD for K-12 teachers is reported to increase when PD is focused on a specific academic subject (e.g. Garet et al. 2001; Wilson 2013) , and when the participants have characteristics in common such as teaching in the same discipline or at the same school (Garet et al. 2001) . Participants' common academic discipline, or interest in teaching similar content, helps develop professional communities of practice . Developing ideas about how to teach specific content may be easier when fellow PD participants share a common language and similar set of experiences (critical features of collective participation and coherence), and applying those new ideas may be easier when they are taught within a disciplinary context, consistent with the idea that discipline-based PD increases the porosity of potential barriers to PCK implementation. Bouwma-Gearhart (2012) identified an interest in gaining confidence with teaching strategies as a primary motivator for faculty to seek out and participate in STEM higher education PD. Discipline-specific PD opportunities may be especially attractive to instructors who encounter dissatisfaction related to teaching disciplinary content, or who are seeking solutions to seemingly discipline-specific teaching challenges. This is consistent with Gess-Newsome's (2015) model that posits pedagogical dissatisfaction drives participation in PD. It may also appeal to those seeking out a supportive community of practice (Wenger 2000) , wherein members of the community work toward developing their own understanding, thus nurturing the growth of the larger community (Bianchini et al. 2002) . In a qualitative study of geoscience PD, Manduca et al. (2017) report that the majority of faculty attributed greater confidence in using specific teaching strategies to participation in PD workshops, with nearly half reporting shifts related to a change in their teaching beliefs. These findings are consistent with the Gess-Newsome (2015) model of amplifiers and filters moderating the influence of PD on practice, and the Park and Oliver (2008) construct of PCK including self-efficacy.
Topical Alignment of PD Content and Transfer to Teaching Practice
Attending any discipline-based PD increases the likelihood of student-centered teaching, but PD focused on a specific disciplinary topic has a greater impact than PD without a disciplinary topic focus (RQ3), consistent with the importance of disciplinary examples and context in developing PCK and transferring it to classroom practice. The high proportion of Student-Centered classes (83%) taught by instructors who only attended TA-PD suggests that attending TA-PD may be a threshold event, which is able to significantly impact one's teaching practice. While we do not know participants' teaching practices prior to their PD participation, only 35 instructors (15% of total population) who have not had TA-PD were observed teaching a Student-Centered class, so there is a strong connection between student-centered teaching and TA-PD.
Instructors who attended topical PD, but were observed teaching a different topic (TNA-PD) were most frequently observed teaching Transitional (44.7%) or StudentCentered (34.2%) classes. These results are consistent with research showing that individuals are able to transfer material that is similar to topics learned in training, and when topics are directly aligned with work activities (e.g. topically aligned) than material that is dissimilar (Blume et al. 2010) . However, our data also show that two TNA-PD events are needed to be statistically comparable with just one TA-PD event, indicating that with additional topical PD, transfer of information from the topic of the PD to other topics is more likely. This is consistent with findings that near transfer is easier than far transfer (e.g. Blume et al. 2010) , and implies that by having multiple TNA-PD events, transfer that would have been perceived as far is now perceived as near, as instructors recognize the similarities between the learning situation and transfer setting.
With participation in at least two TNA-PD events, it appears that instructors are able to use learned pedagogies in courses beyond the focus of the PD event. This suggests that during a topical workshop, instructors are focused on one topic and then, as they apply new pedagogical strategies within that topic (PCK), the reformed methodologies become ingrained across their teaching practice, and are more easily transferred to other courses that we captured in the form of TNA-PD observations. As is known for student learning, deepening one's knowledge not only involves acquisition of information, but also includes organizing and connecting new information to put it into context and make it useful when needed (e.g. National Research Council 2000; Chi 2008) . As learners in the PD environment, instructors looking to reform their teaching must build their knowledge of new teaching strategies and also organize that knowledge, or their instructional PCK, to allow deep and transformative learning that can be transferred to their teaching practice. The idea of reformed methodologies becoming ingrained is well aligned with our results showing that as instructors attend more PD their ability to apply new knowledge to different areas of their teaching practice increases, consistent with the development of adaptive expertise. Considering that instructors are likely to teach more than one topical course in the discipline, attending more than one topical workshop is an effective mechanism for improving transfer.
Time Spent in PD, Elapsed Time, and High-Impact Single Events
Our cut point analysis suggests that a minimum of 24 h of PD is needed to affect the likelihood of teaching a Student-Centered class (RQ4), a result consistent with the minimum 20 h of PD suggested by Desimone (2009) as a potential threshold for effecting change in teaching practices. Our analysis does not indicate whether those 24 h should ideally be split across multiple short events or completed in one longer workshop. Of the 85 instructors who participated in at least 24 h of PD, only one had a maximum event length of less than 10 h, and 39 of the 85 participants reached the 24 h minimum with only one or two events.
Our result confirms that learning takes time; at least 24 h of PD, with the critical features described above, are most likely to result in Student-Centered instruction.
In agreement with Manduca et al. (2017) , we suggest that one-time participation in a workshop may lead to changes in teaching practice, especially if the workshop is topical and at least 24 h in length. Of the 53 instructors observed teaching StudentCentered classes, 11 attended only a single topical PD event (5 TA-PD, 6 TNA-PD). A limitation of the study is that we do not know why instructors choose to attend PD or not, and we cannot rule out the possibility that instructors who attended PD were motivated to do so by the desire to make a specific instructional change which they then followed through in making. However, inclusion in the Student-Centered instructional category is most likely with participation in one to two topical events, rather than comparable participation in non-topical events, and this correlation is consistent with the idea that the single PD event can be effective (RQ4).
While Henderson et al. (2011) concluded that long-term interventions are more successful at promoting instructional change, they note an exception may be interventions designed to make specific or localized changes to instruction, such as using new technology. The two studies cited as illustrating this exception both include workshops that focus on use of technology, but they do so with disciplinary focus, consistent with the development of PCK. Kahn and Pred (2001) report on a series of two-day workshops to improve faculty use of technology in both STEM and humanities fields. Each workshop was targeted to faculty in a specific discipline (or set of related disciplines), and was designed to demonstrate the use of technology in teaching disciplinary content (Kahn and Pred 2001) . While the use of technology in teaching would not be considered topical in our study, focusing on teaching specific disciplinary content with technology would be, and would theoretically promote the development of PCK. Campbell et al. (2007) describe workshops designed to bring modern genomics techniques to undergraduate biology classes, with a focus on using specific technology. Faculty participated in a 1.5-day workshop, with the option of taking an additional 2.5-day workshop, and in a follow-up survey one year after the PD, 79% of respondents reported using the workshop materials in at least one class (Campbell et al. 2007) . While these workshops were focused on technology, they had a disciplinary focus consistent with supporting the development of PCK.
We have no evidence that elapsed time since PD participation affects teaching practice. There is no significant correlation (p > 0.05) between the amount of time that passed since PD participation and RTOP score (RQ2). Hypotheses that either more elapsed time helps instructors integrate and implement their new knowledge, or that more elapsed time leads faculty to forget or dismiss new pedagogical ideas, are not supported.
Factors beyond PD Participation
While we found a positive correlation between the number of PD events an instructor attended and their RTOP score, attending more events does not always correlate with high RTOP scores, and instructors with a wide range of PD experience were observed teaching classes in all instructional categories. We recognize that implementing change in one's classroom is related to a wide variety of factors, beyond simply participating in PD and the state of the instructor's PCK (Blume et al. 2010; Borrego and Henderson 2014) . In addition to PD, there are numerous additional logistical conditions that must be dealt with in order for PD content to become ingrained in one's teaching practice such as the extent of an instructor's autonomy, opportunities to implement change, support for implementation, and class contexts (e.g. Blume et al. 2010) . Eighteen categories of barriers to implementing change to teaching practice were identified by Shadle et al. (2017) . A simplistic reduction of such a wide array of factors can focus on intrinsic factors, those that are related to an instructor's choices, and external, or situational, factors, which are those beyond the instructor's control.
Potential intrinsic factors include one's cognitive ability to incorporate the learning outcomes from PD into one's teaching (e.g. Blume et al. 2010 ), one's professional identity (Brownell and Tanner 2012) , and one's motivation to change and one's selfefficacy or tolerance for change. As noted previously, intrinsic factors such as teaching beliefs, self-efficacy and personal motivation may act as amplifiers or filters to how PCK is enacted in practice (Gess-Newsome 2015) .
External factors that are outside the purview of the instructor are also known as possible factors that inhibit transfer of PD to one's teaching practice. Examples include departmental or institutional support for change, workloads that facilitate (or not) implementation (Parker et al. 2016; Manduca et al. 2017) , content coverage expectations, class sizes and classroom arrangements (Doyle 1986 ) and the perceived level of student buy-in.
Professional identities and institutional and departmental culture can also play a role in decisions (or motivation) to integrate PD to one's teaching practice (Henderson and Dancy 2007; Brownell and Tanner 2012; Austin 2011) . Even when reformed teaching is valued by one's department peers or the university administration, instructors may still feel a need to justify the use of methods learned in PD (Hatano and Inagaki 1986) . Alternatively some faculty have found resistance in their attempts to modify their teaching practice from their colleagues (Brownell and Tanner 2012) .
While instructor decisions related to their teaching practice are multifaceted, our study does find a significant relationship between discipline-based PD participation and observed classroom practices, consistent with PD participation strengthening instructors' PCK. Exploring exceptions to this relationship is an avenue for future research.
Implications
Our results suggest that PD focused on teaching specific disciplinary content is highly effective in promoting student-centered teaching. In addition, topical events may be an accessible way to attract faculty to participate in PD because they already have interest in the topic and in interacting with other scientists in their discipline. The combination of discipline-focused pedagogy, learning theory, course and activity design, and community sharing results in the highest transfer of PD content to classroom practice. PD providers should therefore prioritize the development and offering of topic-focused PD in the discipline, and leaders such as department chairs, deans, and others looking to promote teaching reform should encourage participation in such events. Because instructors are likely to teach more than one disciplinary course, and because our study suggests that attending at least two topic-focused PD events results in greater transfer to classroom practice, participation in more than one topical PD event should be encouraged.
Participation in topical PD appears to be most impactful to instructors in our study, but participation in any pedagogically-focused PD is also likely to result in more student-centered teaching. While PD focused on specific disciplinary content may be attractive to some instructors, others may be interested in learning about specific pedagogical tools, or in the development of specific skills. Instructor motivations for participating in PD and for enacting pedagogical reform are complex, so offering a variety of entry points for instructors to participate in PD is prudent.
Participation in a minimum of 24 h of PD increases the likelihood of teaching a Student-Centered class. Most participants in our study achieved that minimum by attending a small number of longer workshops rather than many short events, but our analysis does not indicate an ideal distribution of the timing of PD participation. PD providers who hope to impact teaching practice through one or two workshops should consider a minimum target of 24 h of synchronous time. There is no indication that PD participation either "grows in" and becomes more impactful with elapsed time nor "dies out" and becomes less impactful.
While many questions remain about instructors' motivations for participating in PD and the conditions under which PD content gets transferred to classroom practice, this work shows the benefits of discipline-specific PD participation for promoting implementation of reformed teaching practices and provides guidelines to help PD developers and promoters make decisions to best achieve their goals.
